Abstract The periplasmic proteome of recombinant E. coli cells expressing human interferon-a2b (INFa2b) was analysed by 2D-gel electrophoresis to find the most altered proteins. Of some unique up-and down-regulated proteins in the proteome, ten were identified by MS. The majority of the proteins belonged to the ABC transporter protein family. Other affected proteins were ones involved in the regulation of transcription such as DNA-binding response regulator, stress-related proteins and ecotin. Thus, the production of INF-a2b acts as a stress on the cells and results in the induction of various transporters and stress related proteins.
Introduction
Different host systems, including Escherichia coli (Srivastava et al. 2005) , Pichia pastoris (Shi et al. 2007 ), Lactococcus lactis (Zhang et al. 2010) , Yarrowia lipolytica (Gasmi et al. 2011) , transgenic plants (Ohya et al. 2001 ) and mammalian cells (Rossmann et al. 1996) , have been used for the expression of human interferon alpha 2b (hIFNa-2b). All the host systems have some advantages as well as some limitations. However, the maximum yield of recombinant hIFNa-2bhas is with E. coli (Srivastava et al. 2005) . Ramanan et al. (2010) also reported high level expression of soluble human interferon a-2b in the periplasmic space of E. coli.
Bacterial cells confront over-expression of foreign genes by triggering its natural adaptation system mainly for long-term survival (Weber et al. 2002) . The adaptation system helps the cell to cope with both the accumulated foreign proteins and the environmental impacts associated with the over-expression of foreign genes (Chou 2007) . This is reflected in various changes in the expression levels of several proteins in the recombinant bacterial strains.
Proteome profiling can be employed to compare changes in the expression level of many proteins under a particular genetic or environmental condition. Several comparative studies have revealed changes at a cytoplasmic subcellular level, while very little are known about what happens in the periplasmic space. The periplasmic compartment with its oxidizing environment represents approx. 10 % of total cellular proteins of E. coli (Franzén et al. 1999) . It is a potential subcellular place for the expression of recombinant proteins based on its ability to produce highly stable foreign proteins that correctly folded, and easy downstream processing (Mergulhao et al. 2005 ). The present study was conducted to better understand the change of E. coli periplasmic proteomes over the expression of human IFN-a2b.
Materials and methods

Bacterial strain and culture condition
Escherichia coli [Rosetta Gami2 (DE3)] and recombinant RG2 (DE3) pET26b: IFN-a2b strain encoding human interferon-a2b (Ramanan et al. 2010) were obtained from the Institute of Bioscience, Universiti Putra Malaysia. Both strains were cultivated in 50 ml Terrific Broth medium supplemented with 0.8 % (v/v) glycerol in 250 ml baffled flasks at 37°C with shaking for 18 h. The RG2 (DE3) pET26b: IFN-a2b cells were induced by 0.05 mM IPTG at 25°C when OD 600 of the culture reached *4.
Sample preparation
Periplasmic proteins were extracted by the method of Ramanan et al. (2009) . Briefly, the cells were harvested and washed with ultrapure water, and then re-suspended in ice cold water. After 15 min at 4°C, the cells were harvested at 10,000*g for 20 min and resuspended in osmotic shock solution containing 20 % (w/v) sucrose, 33 mM Tris/HCl (pH 8.0) and 0.5 mM EDTA. The shrunk cells were harvested at 4°C and re-suspended in ice-cold water followed by 15 min incubation at room temperature with shaking. Periplasmic proteins were recovered by centrifugation at 10,000*g for 20 min. Total protein content of the resulting supernatants was determined by the Bradford assay using bovine serum albumin as a standard.
Confirmation of human IFN-a2b production
Expression of hIFN-a2b was assessed by western blotting as previously described by Ramanan et al. (2010) . Briefly, protein samples were first separated on SDS-PAGE (5 % stacking gel and 12 % resolving gel). The proteins were then transferred onto a PDVF membrane. After 1 h incubation with 2 % (v/v) bovine serum albumin (BSA) in phosphate-buffered saline with 0.05 % (v/v) Tween 20 (PBST), the membrane was exposed to 0.5 % (v/v) of anti-IFN primary antibody and 1 % (v/v) BSA in PBST for 1 h followed by two washes with PBST. The membrane was then immersed in PBST containing 0.1 % (v/v) anti-mouse secondary antibody and 1 % (v/v) BSA for 1 h. After washing (93) with PBST, the blot was developed using DAB and H 2 O 2 .
Two-dimensional gel electrophoresis and protein spot analysis
For 2-DE analysis, 25 lg protein was mixed with 125 ll rehydration buffer [7 M urea, 2 M thiourea, 4 % (w/v) CHAPS, 50 mM DTT, 0.2 % ampholytes, 0.002 % (w/ v) Bromophenol blue]. Isoelectric focusing (IEF) was done on a pH 3-10 non-linear IPG strip (7 cm, Bio-Rad) using the following IEF program: step 1: 20 min, 500 V, linear; step 2: 150 min, 4,000 V, linear; step 3: 14,000 V/h, rapid. The IPG strips were then subjected to 12 % (w/v) SDS-polyacrylamide gels. The protein spots on the gels were visualized by Coomassie Blue staining for 1 h followed by de-staining overnight.
The gels of two triplicates sets obtained from the periplasmic proteome of RG2 (DE3) pET26B and RG2 (DE3) pET26b: IFN-a2b E. coli were categorized into two classes for matching and analyzing. Digital images of 2-DE gels were analysed by using the Melanie software version 7.03 (Swiss Institute of Bioinformatics, Switzerland). The spots were automatically detected and average values of the protein spot volume intensities were calculated to characterize changes in protein expression. Protein spot intensity was defined as the normalized spot volume which is the ratio of the single spot volume to the total spots volumes on a 2-D gel. Proteins with more than twofold increase or decrease in expression were considered to be up-regulated or down-regulated. Isoelectric point (PI) and relative molecular weight (MW) of the protein spots were calculated by the software based on a reference gel containing protein sample and 2-D SDS-PAGE Standards (Bio-Rad, Hercules, USA). Protein spots which were either differentially expressed or induced, as a global proteomic response of E. coli to IFN-a2b over-expression, were identified by mass spectrometry.
Results and discussion
Effects of IFN-a2b over-expression on cell growth
The results revealed negative effect of IFN-a2b overexpression on growth rate and biomass yield in the recombinant E. coli cells (Fig. 1) . Culture density showed a reduction for the DE3-pET26b: IFN-a2b strain, particularly during the exponential and stationary phase when compared to the DE3-pET26b strain. In addition, E. coli RG2 (DE3) pET26b showed a lower growth rate of 0.44 h -1 in comparison to the RG2 (DE3) pET 26b: IFN-a2b with a growth rate of 0.64 h -1 . This is due to over-expression placing an extra metabolic burden on the cells (Han et al. 2003; Okpokwasili and Nweke 2006) .
Effect of IFN-a2b over-expression on periplasmic proteome
The recombinant strain was first confirmed to be IFNa2b producing by western blotting using specific anti-IFN antibody (Fig. 2) . Comparative proteome analysis showed differentially expression of periplasmic proteins between IFN-a2b-producing and non-producing cells (Fig. 3) . In the cells overexpressing IFN-a2b, 98 protein spots were down regulated and 62 up-regulated. Twenty-one proteins showed significant changes in intensity ([twofold) . The protein spot Pr131 with a ?11.2 trend demonstrated the greatest increase in spot volume, whereas the spot Pr15 with a -0.183 trend was the most down-regulated one (Table 1) . Apart from comparing the spot volume, the theoretical physicochemistry of the protein spots were also determined ( Table 2 ). The pH and MW of the protein spots were obtained by comparing the protein spots samples with the standard 2D gel protein spots. The protein spots Pr114 and Pr123 were found to be the most acidic periplasmic protein, whereas the spots Pr13 and Pr42 were the most basic. The Pr144 and Pr151 spots with MW of 109.9 and 14.7 kD were the largest and smallest proteins.
More than 80 protein spots were differentially expressed or induced in the IFN-a2b-encoding cells; however, ten representative protein spots were identified by MS. According to the results summarized in Table 3 , most of the identified proteins were involved or related to cellular transportations. The results showed an increase in the expression level of phosphonate ABC transporter in the recombinant E. coli cells. This transports phosphonates across the membrane of microorganisms and are generally used as phosphate sources in E. coli (Saurin and Dassa 1994) . Phosphonate ABC transporter (Phnd) and some other proteins are involved in the transcriptional response to Fig. 1 Growth curves of RG2 (DE3) pET26b: IFN and RG2 (DE3) pET26b E. coli strains. E.coli RG2 (DE3) PET26b: IFN (black square) and E. coli RG2 (DE3) pET26b (black triangle) were cultured interrific broth medium for 24 h. The arrow indicates the induction time by 0.05 mM IPTG Fig. 2 Expression analysis of IFN-a2b by Western blotting. Total and periplasmic proteins were extracted from the E. coli cells carrying either RG2 (DE3) pET26b or RG2 (DE3) pET26b: IFN-a2b using a combination of osmotic shock and sonication methods after being grown for 18 h in terrific broth; expression of IFN-a2b was assessed using a specific antibody. Lanes: (1) Protein marker, (2) Negative control (E. coli strain RG2 (DE3) pET26b), (3) IFN-a2b standard, (4) E. coli strain RG2 (DE3) pET26b: phosphate starvation and also in the transport and metabolism of inorganic and organic sources of phosphate. In many bacteria, such as E. coli or B. subtilis, limitation of phosphate source stimulates the transcription of genes which allow them to cope with phosphate starvation (Wanner 1993) . The upregulation of phnd protein could be due to phosphate starvation in the IFN-a2b-producing cells, because the culture medium was designed to become phosphate limited to the production of antibody fragment in E. coli in high cell density cultures (Aldor et al. 2005) .
Glutathione-ABC transporter (GsiB) was also upregulated, up to sevenfold, in the IFN-a2b-expressing cells. Glutathione transportation is one of the two mechanisms for salvaging glutathione excreted from the cell (Suzuki et al. 2005) . In the presence of glutathione, as a protection approach, cells can rapidly metabolize and neutralize methylglyoxal (Weber et al. 2002) . It is speculated that, under metabolic stress condition, cells need more glutathiones for glyoxalase I and II enzymes to detoxify methylglyoxal increased during intercellular uptake of carbon-containing molecules such as glucose or glycerol (Hopper and Cooper 1972) .
Up-regulation of molybdate-ABC transporter (ModA), a molybdate-binding periplasm protein, following the expression of IFN-a2b, was also observed. ModA protein binds molybdate and transfers it to the ModB protein at the outer surface of the cytoplasmic membrane. ModB, in conjunction with the ModC protein, then transports molybdate across the cytoplasmic membrane to the cell cytoplasm. Molybdate is an important trace metal for most bacteria as well as for all plants (Miyake et al. 1995; Rech et al. 1996) .
Oligopeptide-binding protein (OppA) was significantly increased ([fivefold) in the periplasmic space of the RG2 (DE3) pET26b: IFN-a2b. OppA, known as a part of the oligopeptide permease, is recognized as the main abundant protein in the periplasmic space of E. coli (Encheva et al. 2009 ). It plays an essential role in uptaking peptides as nutrient and is also required for sporulation and competence in B. subtilis (Wang et al. 2005) .
Induction of cold shock protein A, CspA, was also detected in the IFN-a2b-expressing cells. CspA is assumed to play an adjusting role in response to clod shock by destabilizing mRNA secondary structures, and allowing more efficient translation at low temperatures (Han and Lee 2006) . A proteomic study of E. coli adapting to low temperatures has shown the induction of this protein in response to low temperature (Han and Lee 2006 ).
An ecotin protein spot was detected in the proteome of IFN-a2b-producing strain. Ecotin, a protease inhibitor in the periplasmic space of E. coli, is a homodimer of 16 kDa subunits that prevents serine proteases, trypsin, chymotrypsin and elastase, of varying substrate specificities from functioning (Eggers et al. 2004) . Ecotin enhances the ability of E. coli to recover and grow when encounter with neutrophil elastase enzyme, an enzyme with bacteriostatic effect Fig. 3 2-DE profiles of periplasmic proteins in IFN-a2b-producing cells (a) and E. coli RG2 (DE3) pET26b (b). Protein samples (25 lg) were run on IPG strips of 3-10 pH range and then subjected to 12 % SDS-polyacrylamide gels followed by staining with coomassie blue. Numbered notations refer to representative protein spots listed in Table 3 by increase the permeability of the E. coli outer membrane. In the IFN-a2b-expressing cells, accumulation of IFN-a2b in the periplasmic space perhaps increase some proteases which may harm the host cell, and as a result more ecotin is secreted in the periplasmic space.
Taken together, it can be concluded that overexpression of IFN-a2b act as a stress on the E. coli cells resulting in the induction of various protective proteins. 
